Static gamma-ray measurements collected between September 2017 and March 2018 in the vicinity of the High Flux Isotope Reactor (HFIR) and the Radiochemical Engineering Development Center (REDC) at Oak Ridge National Laboratory are presented. Temporal events are identified and tracked, including radioactive material transfers, rain events, and 41 Ar emissions. The remaining data is used to determine the average background and its variation. These results will be used to benchmark Monte Carlo transport models of the HFIR/REDC vicinity and provide training data for material transfer tracking algorithms and data fusion algorithms to determine HFIR operational status under the Multi-Informatics for Nuclear Operations Scenarios program.
Introduction
The Multi-Informatics for Nuclear Operations Scenarios (MINOS) program is interested in determining if multimodal data fusion along with data analytical techniques can be used to understand the operation of a nuclear reactor. To support this program, a set of radiation detection nodes are being deployed around the High Flux Isotope Reactor (HFIR) and the Radiochemical Engineering Development Center (REDC) at Oak Ridge National Laboratory. This data will be used in the development of Monte Carlo transport models, material transfer tracking algorithms, and data fusion methods to determine facility operation. Together, HFIR, a research reactor, and REDC, a target processing facility, produce 238 Pu and other isotopes for medical, industrial, and research purposes. The HFIR/ REDC facility area provides a rich data set for study because of ongoing unclassified operations, frequent material transfers, and access to facility operation logs.
This work focuses on the gamma-ray background collected at one detector node along the main entrance to the HFIR/REDC area from September 2017 to March 2018. This node is the first of many to be deployed and has been used as a test bed to determine which detectors and sensors will provide the most valuable information. Five other detector nodes are set to be deployed in the HFIR/REDC vicinity in the latter part of 2018. Deviations in the gammaray background due to transient events will be identified and classified, such as rain, material transfers and 41 Ar emissions, and the variation in the remaining data will be investigated.
Experimental setup
The detector node was placed about 100 m from the REDC, 100 m from the shared HFIR/REDC stack, and 200 m from HFIR. The node was equipped with a 2 in. 9 4 in. 9 16 in. NaI(Tl) detector, a 3 in. 9 3 in. NaI(Tl) detector, 2048 channel Canberra Osprey multichannel analyzers, a single board computer for data acquisition, temperature sensors on each detector, a Unifi UVC G3 video camera facing outwards from the node, a Unifi UVC G3 video camera facing the node, and a Davis Vantage Pro2 weather station a few feet away to measure weather conditions. Detectors, temperature sensors, and a single board computer were enclosed in a 3 mm stainless
steel box, fitted with a 2000 BTU air conditioning and 500 W heater for temperature stabilization. See Fig. 1 for a photo of the position and the layout of the detector node. The video cameras and single board computer were connected to a network time protocol server for time synchronization. This paper will focus on data from the 2 in. 9 4 in. 9 16 in. NaI(Tl) detector, the weather station, and video cameras.
With the exception of video, data is collected in 100 ms intervals and stored in a local SQLite database directly on the data acquisition system, and a backup is stored in a central server. The video data is stored on a separate central server. For the first 2 months of data collection, no gain stabilization was performed on incoming radiation data, so all radiation data used in this work is energy calibrated, in 10 min chunks, in a post-processing step. This procedure respects the nonlinearity in the low energy portion of Na(Tl) detector response calibration by adjusting a spline interpolation energy calibration based upon 1460 keV 40 K background peak position in each 10 min chunk. A nonlinear least squares Gaussian fit is performed in the 40 K region to determine the peak position. Once the energy calibration is performed, gamma-ray spectra taken at different points in time may have different energy calibration binning structures. To make comparisons between spectra taken at different times easier, all spectra are histogrammed to a universal binning structure, one thousand 3 keV energy bins ranging from 0 to 3000 keV in 1 s intervals. More information on this procedure can be found in Ref. [1] .
Once the radiation data is energy calibrated, data is fed to a sequential probability ratio test (SPRT) algorithm, a sequential log-likelihood ratio test [2, 3] , to find transient events such as rain and radioactive material transfers [2, 3] . The SPRT algorithm thresholds are set so that the false alarm rate is low (7 false alarms in 150 days of data or 0.002 false alarms per hour). Once the SPRT alarm metric crosses the alarm threshold, gamma-ray spectra, video data, and 10 min of background data before the alarm is saved. Available video, weather, and gamma-ray spectral data are used to identify transient events. Three main gamma-ray event classifications were identified: rain, material transfers, and 41 Ar emissions. Figure 2 shows a sample time series of the total gammaray count rate and the SPRT decision metric from approximately 09:30 to 12:30 on 01/30/2018. Once the SPRT decision metric exceeds the threshold, which is set at 1500 (unitless), the system is in the alarm state. At 09:57:34 and 12:14:04 transient sources were detected, shown in red in the top left figure. During the first alarm, the portion of the spectrum under 700 keV is elevated and a semitruck with a trefoil tag can be seen passing the detector. The normal background photopeaks are also present, namely at 1460 keV ( 40 K) and 2615 keV ( 208 Tl). This event was labeled as a material transfer. A couple of hours later at 12:14:04, a second gamma-ray alarm occurs with the characteristic 1294 keV 41 Ar peak. Video data from the event does not show traffic; consequently, this event was labeled as transient 41 Ar. 
Material transfer events
The HFIR/REDC facility contains multiuse hot cells where targets are fabricated and processed, producing 252 Cf, 238 Pu, 225 Ac, and other isotopes. Radioactive materials are frequently transferred to and from HFIR/REDC and can have a large effect on the measured gamma-ray signatures on the area. Over the approximately 6 month measurement period, 86 materials transfers were detected, with most events lasting under 5 s. Figure 3 shows the number of transfers for each month and a histogram of the total count rate accumulated during each alarm for all events. The count rate histogram shows that the increase in count rate due to material transfers is very complex and varies significantly because of sourcedetector distance, material shielding, source type, and activity. The multi-modal nature of the count rate histogram may point to different material transfer populations. More information, like facility transfer logs, is needed to understand the complex count rate distribution. With a few exceptions, most of the counts in the gamma-ray spectra come from Compton scattered photons and do not form clear photopeaks in the measured spectrum. This makes performing an identification of the material type difficult for most material transfer events.
Argon-41 events
Argon-41 is frequently produced by research reactors when air is exposed to a neutron flux. After nitrogen and oxygen, argon is the third most abundant gas in Earth's atmosphere, about 0.934%. The most common isotopic abundance (99.6%) of argon is 40 Ar, which can be transmuted to 41 Ar 
once exposed to neutrons [4, 5] . During this data collection, 41 Ar is believed to have been created during experiments where air is used to move and hold a rabbit containing samples for irradiation. This irradiated air is released through the HFIR/REDC stack containing 41 Ar, which has a half-life of about 109 min and releases a characteristic 1294 keV gamma-ray when decaying to 41 K. Because of the short half-life, all detected 41 Ar was created recently in the detector vicinity.
In the data measured during this campaign, 89 41 Ar events were detected, lasting an average of about 5 min with an average total gamma-ray count rate of about 1542. In this data set, 41 Ar was detected in bursts. Long-term (many hours) 41 Ar exposure was not detected. Figure 4 shows the histogramed frequency of 41 Ar events and a histogram of all count rates during an 41 Ar alarm. The shaded regions on the left portion of Fig. 4 show when HFIR was scheduled to be online. All events occur while HFIR was active, making this an important signature to predict the activity of the facility. Like the material transfer count rate histogram, the 41 Ar count rate histogram is not normal and shows some complex behavior below 1500 counts/s and above 1700 counts/s.
Once 41 Ar leaves the stack, its dispersion process is not well understood. Local wind patterns are believed to have an important role in moving releases of 41 Ar around the HFIR/REDC facility. In these experiments, the detector is placed about 100 m from the stack, which may not be the most optimal position to detect all 41 Ar emissions. Soon more detection nodes will be deployed around the HFIR/ REDC facility to answer this question. 
Rain events
Rain washes radioactive 226 Ra decay products from the atmosphere and deposits them on the ground and can increase the total gamma-ray count rate by a factor of 2 [6, 7] . During and shortly after a rain event, the gamma-ray background is primarily increased by the introduction of 214 Bi and 214 Pb. Bismuth-214 decay releases characteristic gamma-rays at 609, 1120, and 1764 keV and has a half-life of 20 min, whereas 214 Pb releases a characteristic gammaray at 352 keV and has a half-life of 27 min. As a result of these relatively short half-lives, rain events can significantly increase the number of gamma-rays detected during and after a rain event and take a few hours to completely decay away.
During this measurement campaign, 38 rain events were measured with an average total gamma-ray count rate of about 1414 counts/s. A histogram of gamma-ray count rates measured during rain events is shown in Fig. 5 along with a sample gamma-ray spectrum during a rain event on October 15, 2017. The variation in the increase in the gamma-ray count rate is very large because of the varying rain intensity and concentrations of 226 Ra daughters in the atmosphere. There is a hump in the distribution at about 2000 counts/s which may point to 226 Ra emissions originating from different locations.
Background and unclassified events
To understand the average gamma-ray background and its variation, material transfer, 41 Ar and rain events were removed. Figure 6 shows the total gamma-ray count rate histograms for all measured data, rain events, material transfers, and 41 Ar events. The remaining data is histogramed and is labeled as background events. Material transfers produce most of the high-count rate data. Rain events produce a second ''hump'' at around 1900 counts/s and have contribution to lower count rates. Finally, 41 Ar events center around 1540 counts/s.
The background data contains gamma-rays created from naturally occurring radioactive potassium, uranium, and thorium (KUT) isotopes. If the background count rates were only due to decay of static KUT sources, the background total gamma-ray count rate would be expected to be Poisson. However, the standard deviation in the background total count rate is larger than what is expected for Ar, rain, and material transfer events were removed. The last bin in each histogram is the sum of all count rates higher than 3000 counts/s Poisson statistics, namely the standard deviation in the measured count rate is larger than square root of the average count rate. In addition, the background count rate histogram is slightly skewed to higher count rates. This is because the data labeled as background also contains some 41 Ar, rain, and material transfer data unclassified by the SPRT algorithm and weather data. Because of this, we will call the subtracted data set ''background'' and ''unclassified events.'' Table 1 shows the average count rate for the background and unclassified event distribution, the standard deviation, and the ratio of the standard deviation to the square root of the total count rate for a variety of energy windows. These windows were chosen to capture prominent photopeaks from transient events and static KUT background. For example, the energy window from 1100 to 1300 keV contains the 1294 keV 41 Ar peak, the 1300-1600 window contains the 1460 keV 40 K peak, and the 2300-3000 keV window contains the 2615 208 Tl peak. As one goes to higher energy windows, the deviation from Poisson statistics lowers, finally reaching Poisson distribution at the highest energy window around the 2615 keV 208 Tl (thorium daughter) peak. At this energy region, there is no contribution from material transfers, 41 Ar, and rain events-only static background sources. The lowest energy windows have the largest variation from Poisson, namely because these windows contain photopeaks or Compton scattering from unclassified transient source events. Because the deviation from Poisson statistics is small for energy windows above 1294 keV ( 41 Ar gamma-ray emission), the authors believe unclassified material transfers, 41 Ar and rain events in the background data are to blame for non-Poisson nature of the background and unclassified event distribution. Collecting data outside of the laboratory in a dynamic real world environment may introduce small transient signals which are hard to detect. The threshold for the SPRT algorithm could be adjusted to have a larger false alarm rate (false positive rate) to increase sensitivity but this would pollute transient events with background. In the future a more advanced algorithm may be used to remove more transient events from the background distribution.
Conclusions
This work identified transient source events and studied the remaining background data containing static KUT background and unclassified transient source events in one location in the HFIR/REDC facility over a 6-month data collection campaign. The frequency of these events and distribution of measured gamma-ray detector response has been presented. As more detection nodes are deployed around the HFIR/REDC facility, a better understanding of the gamma-ray background and transient source events will be obtained.
In the future, large-scale transport models will be developed, based on the HFIR/REDC facility, to predict detector response due to background and transient source events. The data presented here will be used to benchmark these models and inform the frequency and magnitude of transient events. These models will be used to obtain a better understanding of the sources of the gamma-ray background in this facility.
The detection of 41 Ar is strongly correlated with reactor operation and will be used by data fusion algorithm developers, along with other data collection campaigns, to predict determine HFIR operational status. This ongoing work is being performed under the Multi-Informatics for Nuclear Operations Scenarios (MINOS) program. All of the data used in this work has been uploaded for MINOS program release. 
